The volume of cold tap water consumed is an essential element in quantitative microbial risk assessment. This paper presents a review of tap water consumption studies. Study designs were evaluated and statistical distributions were fitted to water consumption data from The Netherlands, Great Britain, Germany and Australia. We conclude that the diary is to be preferred for collecting water consumption data. If a diary is not feasible, a 24 h recall would be the best alternative, preferably repeated at least once. From the studies evaluated, the mean daily consumption varies from 0.10 L to 1.55 L. No conclusions could be drawn regarding the effects of season, age and gender on tap water consumption. Physical activity, yearly income and perceived health status were reported to influence water consumption.
INTRODUCTION
In the new WHO Guidelines for Drinking-water Quality (WHO 2004) the Water Safety Plan is the central approach to safeguarding the health of the drinking water consumer.
Within a Water Safety Plan, Quantitative Microbial Risk Assessment (QMRA) can be used to assess the microbial safety of drinking water. QMRA has been suggested by various authors as the scientific basis for assessing risks of pathogen exposure (Regli et al. 1991; Teunis et al. 1997; Haas et al. 1999; Havelaar et al. 2000; Medema et al. 2003) . When assessing the exposure to pathogens through drinking water, both the concentration of pathogens in drinking water and the volume of drinking water consumed are important parameters. In the first QMRA's that were conducted on drinking water, a water consumption of 2 L per person per day has been assumed (Regli et al. 1991) . Subsequent QMRA studies used the data of Roseberry & Burmaster (1992) who fitted a statistical distribution to their consumption data. Statistical distributions are preferable for QMRA, because the variability in the consumption within the consumer population is included in the overall risk assessment. The median value Roseberry and Burmaster reported was 0.96 L/d. This value, however, represents consumption of tap water in total, while for microbial risk assessment only the volume of cold tap water without heat treatment (coffee, tea, cooking) is relevant. Teunis et al. (1997) obtained data on cold tap water consumption in the Netherlands for use in QMRA. The median consumption they report is 0.15 L/d, which is much lower than the total tap water consumption reported by Roseberry & Burmaster (1992) . Several other authors have assessed the consumption of cold and/or total tap water consumption.
The objective of this study was to review the different studies on tap water consumption. The design of the consumption studies was evaluated, including factors that might influence consumption.
From four countries raw consumption data were obtained, collected with different study designs. Statistical models were fitted to these data to determine the variability in drinking water consumption and the implications of the study design on the outcomes and their statistical distribution. Recommendations are given for future studies on consumption of tap water and for consumption estimates within QMRA.
METHODS FOR COLLECTING CONSUMPTION DATA
Drinking water consumption studies have been carried out for several purposes: to determine possible relationships between drinking water quality and human health, to determine the fraction that drinking water comprises of the individual's total liquid consumption or just to calculate the amount of water ingested in relation to other uses of drinking water in households, like bathing, dishwashing etc.
Methods to collect consumption data on the individual level can roughly be divided into two categories: short-term and long-term instruments. Short-term dietary assessment methods collect dietary information on current intake. They vary from recalling the intake from the previous day (24 h recall) to keeping a record of the intake of food and drinks over one or more days (dietary record). Long-term dietary assessment methods collect information on the usual food intake over the previous months or years (dietary history or food frequency questionnaire) (Biró et al. 2002) . The drinking water consumption studies reported used similar methods for data collection. In the following tables an overview will be given of the available literature on drinking water consumption and the study designs applied.
ASSESSING THE VOLUME OF WATER CONSUMED
To assess the volume of water consumed most studies use the number of cups or glasses as a measure (DWI 1996; Robertson et al. 2000a Robertson et al. , 2002 Gofti-Laroche et al. 2001; Dangendorf 2003; Hunter 2003 personal communication; Sinclair 2003 personal communication; Westrell et al. 2004 ). This is a very easy way of estimating the water consumption and it is close to the everyday habits of the consumer. The disadvantage is that possible bias can be introduced because glasses and cups of different sizes may be used. In addition it might miss non-glass consumption of drinking water like icecubes, tooth brushing, taking medicines, etc. To enlarge the reliability of the volume estimates several studies had the volume of the drinking vessels measured by either the participant or the interviewer (Hopkin & Ellis 1980; DWI 1996; USEPA 2000) . Meyer et al. (1999) and Beaudeau et al. (2003) used pictures of a cup or glass to make the estimations more accurate.
The most accurate way of estimating consumption is by determining the amount of water consumed in millilitres, or by weighing, but this is also the most elaborate way.
A good alternative in prospective research designs is to give people a standard measuring cup. Alternatives for retrospective research are pictures of drinking vessels, assessment of the volumes of vessels, or the type of cups and glasses used by the consumer.
CONSUMPTION OF DRINKING WATER
The water consumption data from the evaluated surveys are presented in Table 1 and Figure 1 . From Table 1 it can be seen that the average consumer reported consumption of cold tap water ranging from 0.2-1.55 L per day. Consumed amount of total water for this group ranges from 0.71-2.58 L per day. Figure 1 shows that consumption was relatively high in (1977) Data in bold are analysed in this article. p ¼ data for consumers, non-consumers not included. pp ¼ cold tap water consumed at home directly from the tap (cold tap water added to e.g. lemonade and cold tap water consumed outside the house are not included in this figure) . ppp ¼ cold tap water consumed at home and away (cold tap water added to e.g. lemonade and filtered water not included). pppp ¼ drinking water was measured during work by the investigator. Drinking water was ad libitum.
Sweden and Australia and low in Germany and the Netherlands. Consumption data from the USA, Canada, France, Italy and the UK were quite similar.
Factors influencing water consumption
Several factors might influence the amount of water consumed, like temperature (seasonal and/or regional effects), aesthetic quality of drinking water, cultural differences but also age, gender, physical activity and diet.
From the available studies not many conclusions could be drawn regarding the influence of these factors on tap water consumption. Some found an influence of season, age or gender on water consumption (Haring et al. 1979; Hopkin & Ellis 1980; EHD 1981; DWI 1996; Shimokura et al. 1998; USEPA 2000; Gofti-Laroche et al. 2001; Beaudeau et al. 2003; Westrell et al. 2004 ) but conclusions were contradictory.
Relatively high consumption data were obtained by Variance (FDV) were determined for each dataset. For satisfactory fit the mean error should approach zero, the RMSE should be low and the FDV should be close to 100%.
The Netherlands
In the Dutch National Food Consumption Survey 1997/1998 data on cold tap water consumption were also collected (Anon. 1998) . During this two-day diary survey consumption data on cold tap water were obtained for 6250 respondents.
Consumption was registered in grams per person. To obtain a time homogenous dataset each participant wrote down the consumption during two separate random days. Trained dieticians visited the households in advance for instruction and afterwards for collection and control of the diaries and to measure the volume of the used drinking vessels.
Statistical analysis
Because of the continuous character of the data, both a continuous and a discrete approach are used to analyse the consumption. (box) and minimum and maximum (error bars) consumption) of cold tap water per country. Table 2 and Figure 2 present the characteristics and distribution functions of the continuous tap water consumption data. Consumption of less than 20 g was considered to be zero.
Continuous consumption data
The empirical distribution is given as a non-cumulative histogram with class space 45 mL. The Poisson distribution has not been included as it can only be used for discrete data. The goodness of fit for comparison between the empirical and the modelled data is given in Table 3 .
Discrete consumption data
For discrete analysis of the data, the continuous data in litres per day were translated into discrete values of glasses per day, assuming a glass to be 250 mL. Due to the large number of participants in the survey (6250), the internal variation in glass capacities can be considered irrelevant in comparison with the external variation between the respondents.
In Table 4 and Figure 3 the characteristics of the discrete tap water consumption data and the probability distribution are presented. Table 5 presents the performance characteristics for the discrete Dutch consumption data. p Difference between 5% and 95% confidence limit. Analyses of the data excluding the non-consumers (data not shown) resulted in less performance of the statistical probability distributions than for the overall data including non-consumers.
We also investigated whether a seasonal trend could be seen in the consumption data (background analysis not presented here). The percentage of non-consumers was slightly higher in fall and winter, but no seasonal trend could be observed.
In the Netherlands a smaller study more specifically on drinking water consumption was analysed by Teunis et al. higher probabilities for consumption and is therefore more conservative than the Exponential distribution (see Figure 3 ).
Great Britain
In Great Britain a case-control study on sporadic cryptos- water. If the answer was 'yes', the next question was how many glasses per day, assuming one glass to be 1/3 pint (,190 mL). These questions were repeated considering cold tap water consumption during the last two weeks. The latter was especially important for the water consumption by the cases. However, as it is not clear whether water consumption by the cases was influenced by the fact that they had been ill, these data were left out.
Statistical analysis
In Table 6 , 7 and 8 the data characteristics and the performance measurements are presented for the two-week-based 
Discussion and conclusions
In Figure 5 it can be seen that the data regarding general consumption show no smooth distribution, but two separate data blocks. In the first block (0-6 glasses per day) all outcomes have more or less similar frequencies. A possible explanation for this result might be that below a certain level (in this case six glasses or less) the respondents' feeling about the general daily consumption is rather indiscriminate. For example, the perception that consumption is three glasses per day might be similar to the perception of consuming four or two glasses per day.
The empirical distribution of the two-week-based consumption data follow a smoother line (daily consumption of more than 12 glasses per day were combined into one class). We consider the two-week-based consumption data to be preferred above the general consumption data because the best performance was obtained by the Poisson distribution on the two-week-based data set. In addition the empirical distribution of the two-week-based consumption data is smoother. We also believe that the short-term data will be more precise because recall bias will be less for recent consumption than for consumption in general.
Germany
Dangendorf ( 
Statistical analysis
In Tables 9 and 10 and Figure 6 the data characteristics, empirical and modelled statistical distributions and the performance measurements are presented.
Discussion and conclusions
Within the original data collection, the results were divided into non-equidistant classes. However, for the fitting of statistical probability distribution functions to discrete consumption in glasses per day, equidistance is recommended. Therefore the original data were transformed into equidistant discrete data (number of glasses per day, assuming one glass to be 250 mL) before the statistical analysis was conducted. From Figure 6 it can be seen that the obtained empirical distribution does not follow a smooth line. One of the causes is the fact that the number of non-consumers is remarkably low compared with the 
Results -pilot study Melbourne Table 11 presents the statistical data characteristics of the three elements of the pilot study. The empirical data as well as the statistical probability distributions are presented in The results are presented in Table 15 .
Based on these it can be concluded that there are no significant differences between the three parts of the pilot study as p . 0.05 for all three comparisons.
Results final study: Melbourne
In the final cryptosporidiosis case-control study in Melbourne the same questionnaire was administered as in the pilot study. Table 16 presents the statistical data characteristics of the final study in Melbourne. The empirical data as well as the statistical probability distributions are presented in Figure 10 and the performance measurements in Table 17 . For visual purposes the exponential distribution has been truncated. Results final study: Adelaide
In the final case-control study in Adelaide the same questionnaire was administered as in the pilot study and the final study in Melbourne. Data were obtained for 644 respondents. Table 18 presents the statistical data characteristics of the final study in Adelaide. The empirical data as well as the statistical probability distributions are presented in Figure 11 and the performance measurements in Table 19 . For visual purposes the exponential distribution has been truncated.
Discussion and conclusions
From Tables 12 -14 it can be concluded that the Poisson distribution fits best to the data from the pilot study.
The data from the final study in Melbourne are also best 
described by the Poisson distribution and the difference with the performance of the other distributions is enlarged, compared to the pilot study.
The distribution of the data from Adelaide is again best described by the Poisson distribution, but it can be seen in Table 19 that R 2 is low compared to the other Australian datasets. This is mainly caused by the high percentage of nonconsumers in Adelaide, which may be due to the historically lower aesthetic quality of the Adelaide drinking water.
Additional analysis excluding the non-consumers (results not shown) did not increase the performance of the probability distribution functions either.
In all Australian recall (questionnaire) studies, the percentage of non-consumers was higher than the percentage of consumers drinking one glass, except for the diary study (pilot Melbourne). This suggests that the recall studies may have overestimated the percentage of non-consumers.
We therefore consider the results from the diary study in
Melbourne to be the most valuable. This is in line with the conclusions by Robertson et al. (2000a) who concluded that the questionnaire was less accurate than the diary.
To analyse for possible difference between the distributions of the final studies in Melbourne and Adelaide and the pilot study the non-parametric ranksum test of Wilcoxon is conducted. Results are presented in Table 20 .
From Table 20 it can be concluded that the data from the final study in Melbourne do not differ significantly from the diary in the pilot study, but they do from the data from the two questionnaires in the pilot study. The data from the final study in Adelaide differ significantly from the data from both the pilot study and the final study in Melbourne.
DISCUSSION AND CONCLUSIONS Design of the study
In the analysis of the Australian data it was demonstrated that estimations of drinking water consumption were higher in the questionnaires than in the diaries. Similar findings were reported by Kaur et al. (2004) and Levallois et al.(1998) .
Also the number of non-consumers was higher in the questionnaire studies compared to the diary study.
Therefore we believe the diary is to be preferred for collecting water consumption data. The longer the period for data collection, the more representative data can be obtained. On the other hand, if the duration of the study is too long this might result in less accurate reporting. We believe that probably 3 -4 days would be most feasible.
If a diary study is not possible because of limitations in time or money, a 24 h recall is an appropriate alternative. In order to get more information of the within-person variation, it is advisable to repeat the 24 h recall at least once on a non-consecutive day . During the Considering the effects of season, age or gender on tap water consumption no unambiguous information could be obtained from the studies reported. Intuitively, cold tap water consumption is expected to be higher in summer than in winter. This was also confirmed by Gofti-Laroche Figure 11 | Statistical probability distributions for discrete general tap water consumption. Finley et al. (1994) concluded that the distribution of tap water intakes in a population is driven more by variation and personal preference for fluid intake than by the need for additional water cooling.
Higher consumption of cold tap water was reported by people with a lot of physical activity and people who regarded themselves to be of very bad health. was that by eliminating the derogatory value of nonconsumption a smoother empirical distribution could be obtained. However, the fitted statistical probability distribution functions performed less well. Therefore, it is better to fit the statistical probability distribution functions on the total dataset, including the non-consumers.
Statistical distribution function
When comparing studies on tap water consumption conclusions regarding differences in consumption between countries, sexes, etc., should be drawn very carefully, taking into account the many differences in study design. Attention should be paid to the study population (specific group or whole population), the moment/season of data collection within a year, the methods of data collection (e.g. diary record or recall), the method to assess the volume tap water consumed and the types of water included in the surveys (food, medicines, lemonade, ice cubes, etc.). The experiences of this study illustrate that these factors can have a large impact on the (distribution of the) consumption data.
Recommendations for the estimation of water consumption in QMRA Assessing water consumption in QMRA it would be best to use country-specific data and statistical distributions, if available. Given the skewed distribution, the mean will be higher than the median and is therefore more conservative in QMRA. For the average consumer, the reported mean consumption of cold tap water varies between 0.10-1.55 L.
Differences occur between countries, but also within countries (see Table 1 ). If more datasets are available for a country, we recommend to select the data that have been collected with the best study design. If the selection cannot be based on study design, the study that yields the highest consumption data should be used, as a conservative estimate of the consumption of cold tap water.
To account for the variability in water consumption over the population, a statistical distribution can be fitted to the consumption data. The Lognormal distribution, as suggested by Roseberry & Burmaster (1992) , did not provide the best fit to the consumption datasets we examined. In the Lognormal distribution the number of non-consumers is per definition 0, while the UK, Australian and Dutch dataset contained 7-65% non-consumers. Tap water consumption (or at least the way information on consumption is collected) is more a discrete than a continuous parameter. Therefore, the Poisson distribution is more appropriate and proved to have a good fit to the datasets. The Poisson distribution also has the advantage that parameter estimation is easy. If no country-specific data are available we recommend to use the Australian distribution data from the Melbourne diary study (Poisson, l ¼ 3.49 glasses/d) as a conservative estimate, because the water consumption in these data is relatively high.
